Advanced microscopy methods allow obtaining information on (dynamic) conformational changes in biomolecules via measuring a single molecular distance in the structure. It is, however, extremely challenging to capture the full depth of a three-dimensional biochemical state, binding-related structural changes or conformational cross-talk in multi-protein complexes using one-dimensional assays. In this paper we address this fundamental problem by extending the standard molecular ruler based on Förster resonance energy transfer (FRET) into a two-dimensional assay via its combination with protein-induced fluorescence enhancement (PIFE). We show that donor brightness (via PIFE) and energy transfer efficiency (via FRET) can simultaneously report on e.g., the conformational state of dsDNA following its interaction with unlabelled proteins (BamHI, EcoRV, T7 DNA polymerase gp5/trx). The PIFE-FRET assay uses established labelling protocols and single molecule fluorescence detection schemes (alternating-laser excitation, ALEX). Besides quantitative studies of PIFE and FRET ruler characteristics, we outline possible applications of ALEX-based PIFE-FRET for single-molecule studies with diffusing and immobilized molecules. Finally, we study transcription initiation and scrunching of E. coli RNA-polymerase with PIFE-FRET and provide direct evidence for the physical presence and vicinity of the polymerase that causes structural changes and scrunching of the transcriptional DNA bubble.
INTRODUCTION
Advanced microscopy methods have become powerful tools for structural studies of biomolecules. These methods can complement classical biochemical and biophysical techniques 1, 2 , but most importantly emerged as key player in understanding structural dynamics 3, 4 . The underlying biophysical concept is straight forward: Construct a onedimensional molecular ruler, in which the biochemical state of the system can be read out as a distance-related measure. Such a molecular ruler often uses a photophysical property such as fluorophore brightness or lifetime to provide information on the structure of biomolecules in real time. 5 (smPIFE) allowed the identification different protein-interaction modes using immobilized molecules 17, [27] [28] [29] [30] [31] [32] [33] . PIFE has been combined with other techniques including bulk Cy3 PIFE and quenching 59 , smPIFE and single molecule nanomanipulation with flow 33 , and the combination of PIFE and FRET both in ensemble 20, 21, 24 and immobilized single molecule experiments 30, [60] [61] [62] . Although the combination of PIFE and FRET at the single molecule level was performed for immobilized assays, with its advantages and disadvantages, that method combination was not yet addressed for single molecule measurements in the freely-diffusing mode.
In this paper, we combine two fluorescence-related effects into one powerful assay that we dub ALEX-based PIFE-FRET. It allows observing changes in biochemical structure and interactions by following two distances with two different distance dynamic ranges. Strikingly, ALEX-based PIFE-FRET requires labelling with only two fluorescent dyes, i.e., similar to FRET. Its enhanced information content is provided by use of additional photophysical parameters, which are extracted via advanced data analysis procedures using single-molecule fluorescence detection and alternating-laser excitation. In detail, we utilize the stoichiometry parameter, S, as a measure for PIFEeffects (which may report on the vicinity of a protein bound to a DNA duplex), while FRET reports on the distance between fluorophores (which may report on the global conformation that a DNA duplex adopts upon protein binding). PIFE-FRET does not necessarily require surface-immobilized biomolecular complexes and hence obviates the use of other complex techniques such as ABEL-trap 63, 64 , feedback loop tracking 65 or use of microfluidic devices 66 .
To successfully construct and use a two-dimensional ruler thereby introducing PIFE for solution-based single-molecule experiments, we provide a framework for data analysis routine to allow simultaneous and quantitative read-out of two different photophysical parameters: donor brightness (PIFE) and energy transfer efficiency (FRET). In proof-of-concept experiments we study different oligonucleotide samples containing the environmentally sensitive donor Cy3 (PIFE fluorophore; FRET donor) in comparison to the fluorescence signals of the less environment-sensitive FRET donor Cy3B, combined with the acceptor ATTO647N. We show that PIFE-FRET enables the detection of the interaction between unlabelled proteins and doubly labelled diffusing dsDNA via changes in brightness ratio S (termed stoichiometry) using µs-ALEX 67 . We further investigated the spatial sensitivity of PIFE-FRET for binding of DNA-binding enzymes with respect to the PIFE-and FRET-ruler aspects. The modulation of donorbrightness due to PIFE (and hence the Förster radius) preserves the FRET-distance information after careful data evaluation. Finally, we study DNA scrunching in transcription initiation of E. coli RNA-polymerase (RNAP). Using PIFE-FRET, we provide the first direct evidence for simultaneous structural changes in the formed DNA 
RESULTS
The principles of ALEX-based PIFE-FRET. The aim of the PIFE-FRET assay is to monitor two distances simultaneously with different dynamic ranges in complexes between proteins or nucleic acids and proteins. In the assay, we label two complementary ssDNA strands with donor (D) and acceptor (A) fluorophores both encoding distinct DNA binding sites after annealing (Fig. 1A) . The brightness of the Cy3 donor fluorophore is increased upon binding of proteins in close proximity (Fig. 1C , PIFE), hence directly reports on the distance R1 between fluorophore and the surface of the bound protein ( Fig. 1A) . The conformation of dsDNA is monitored by FRET ( Fig. 1D , FRET) via changes in the interprobe distance R2 between D and A ( Fig. 1A) . A donor fluorophore that fulfils the requirements of the PIFE-FRET assay is the green cyanine dye Cy3 ( Fig. S1 ), in which photoisomerization competes directly with FRET on excitation energy in a dye microenvironment-dependent manner. Finally, an experimental technique is required for simultaneously reporting on both photophysical parameters. For this we suggest to use alternating laser excitation (ALEX), which reports on PIFE effects via the ratiometric parameters, stoichiometry, S, and FRET efficiency, E ( Fig. 1B ). Both parameters of ALEX can be used for mapping out PIFE-FRET since S is defined as brightness ratio between the donor and acceptor fluorophore (Eqn. 6) and is hence sensitive to PIFE (as long as the brightness of the acceptor fluorophore is stable and unchanging) while E compares only donor-excitation-based intensities to derive the FRET efficiency (Eqn. [3] [4] .
While the proposed assay and its implementation in ALEX is as a straightforward combination to increase the information content of PIFE and FRET, the interdependency of photophysical properties represents a fundamental hurdle and will therefore be addressed carefully. Since the green donor fluorophore is integral part of both rulers, both PIFE and FRET compete directly via non-radiative de-excitation of the donor (Fig. 2 ).
Figure 2. Jablonski diagram of Cy3 in the presence of a FRET acceptor.
After excitation (kex) to the excited trans isomer (Dtrans), three competing pathways deplete the excited state S1: (a) kD,T which is the sum of radiative and non-radiative decay rates from S1 to S0 resulting in fluorescence emission; (b) trans to cis photo-isomerization with kiso resulting in the formation of the non-fluorescent cis isomer Dcis of Cy3; (c) Förster-type energy transfer kFRET to an acceptor fluorophore A. The rates for Cy3 cis/trans isomerization kiso and kiso -1 are sensitive to the environment and are modulated by PIFE. ß accounts for differences in the extinction coefficients of cis and trans isomer at the excitation wavelength.
The quantum yield of Cy3 is environmentally sensitive, i.e., the PIFE effect alters both the non-radiative cis/trans isomerization (kiso) and the FRET parameters (Förster radius, R0 and hence the rate of energy transfer, kFRET) without changes in the distance between the donor and the acceptor. We therefore first describe a photophysical model as well as present a procedure for data evaluation in order to decouple both effects and determine PIFE (distance R1) and FRET (distance R2) in one experiment using a ratiometric approach rather than fluorescence lifetimes of the donor fluorophore 69, 70 .
Photophysics of PIFE-FRET.
The fluorophore Cy3 and similar cyanine fluorophores (DyLight 547, DyLight 647 71 , Cy5, Alexa Fluor 647) have been employed for PIFE as they all share the property of excited-state cis/trans isomerization 51, [53] [54] [55] [56] [57] that leads to dependence of their fluorescence quantum yield with respect to the local environment. 53 This dependence includes the specific location of dye-attachment (for DNA 5'/3' vs.
internal labelling) as well as three-dimensional structure (single-vs. double-stranded DNA). 53, 56, 72 The effect can be used to monitor interactions between an unlabeled protein and a fluorophore-labelled macromolecule (e.g., a dsDNA duplex Fig. 1C ).
Restricting the rotational freedom of the fluorophore by applying steric hindrance/restriction 73, 74 , and also possibly specific interactions with select protein residues, the interacting protein causes a delay in photoisomerization to dark excitedstate isomers 52, 58 , which, in turn, increases fluorescence intensity without chromatic changes ( Fig. S1 ). This effect allows the observation of complex formation between e.g., a Cy3-labelled oligonucleotide and a DNA-binding protein. 16 In special scenarios (i.e., where suitable calibration is possible) PIFE can even serve as a quantitative ruler to determine fluorophore-protein proximity at base-pair resolution in a distance range of up to 3 nm that is inaccessible to smFRET 69, 70 .
The underlying photophysical principle of PIFE was recently studied in detail by Levitus and co-workers 75 : The trans isomer of Cy3 is thermally stable, while the lifetime of non-fluorescent, ground-state cis-Cy3 is found in the µs range ( Fig. 2 , kct). 76 The deexcitation of isolated excited-state trans-Cy3 occurs primarily via two pathways, i.e., photoisomerization from trans (bright) to other (dark) excited-state isomers with rate kiso and fluorescence after deexcitation from the trans isomer with rate kD,T (Fig. 2) . 77 Under typical single-molecule conditions, i.e., continuous green excitation, both isomers cis/trans are populated during a fixed time interval with a population distribution determined by the microenvironment, which mainly alters rates kiso and kiso' (Fig. 2 ).
Both rates depend on the energetic barriers between the isomers in excited-state (and the rotational mobilities/diffusivities for crossing them) between the corresponding S1minima and a 90°-twisted geometry of Cy3 ( Fig. S1 ). 75 In principle, all other rates (except kiso and kiso') remain constant upon a change of the local environment, provided that these changes do not invoke different microenvironment quenching (e.g. stacking of Cy3 terminally labeled DNA, which shows changes in fluorescence 78 ). The PIFE effect of Cy3 corresponds to a change in the population distribution between trans and the other (cis and the 90°-twisted intermediate) isomers, since it is mostly the trans isomer that contributes to a fluorescent signal ( Fig. 2 ; Fluorescence quantum yield of cis isomer is negligible [79] [80] [81] and the 90°-twisted intermediate isomer has a non-planar geometry, therefore it is nonfluorescent). Consequently, the mean fluorescence quantum yield, QY, of Cy3 (not its spectrum, Fig. S2 ) varies with environmental polarity, steric hindrance/restriction, (micro)viscosity and temperature 51, [53] [54] [55] [56] [57] and is thus sensitive to the steric restriction from adjacent binding of biomolecules such as proteins or DNA.
It was shown experimentally that the isomerization rate constants are altered mainly in their pre-exponential factors due to a stronger dependence on diffusivity 51 . It was also shown that photoisomerization can be fully blocked by creating structural rigidity as in the derivative Cy3B ( Fig. S1 ), leading to strongly reduced environmental sensitivity and increased brightness. 53, 82, 83 Cy3B hence serves as a fluorophore that can emulate the maximal PIFE-effect since photoisomerization is fully prohibited/abolished in this molecule. When PIFE is combined with FRET, the donor-excited state is altered by both changes in kiso and kFRET, and both rulers are directly dependent of each other (Fig. 2) , however a change in kiso is independent of the D-A distance R2. Therefore, after applying corrections to account for the changes in the QY of the donor, one can elucidate both PIFE and FRET information. To directly read out PIFE effects in confocal single-molecule fluorescence microscopy, we utilized ALEX ( Fig. S2A and Methods Section) for studies of fluorescently-labelled dsDNA. 8, 67, 85, 86 Here, either Cy3 or Cy3B were combined with the FRET-acceptor ATTO647N. In ALEX histograms, the stoichiometry, S, allows to sort different molecular species according to their labelling: donor-only labelled dsDNA (S>0.8), acceptor-only labelled dsDNA (S<0.2) and donor-acceptor-labelled dsDNA 0.8>S>0.2 ( Supplementary   Fig. 2B ). Since we are mostly interested in the properties of the species with both donor and acceptor labelling, we represent the final data set using a dual-colour burst search showing S over the proximity ratio EPR. S at this stage is denoted S(EPR) in Figure 3 ; the data was corrected for background and spectral cross talk 49 for oligonucleotide sequences and labelling positions). Relative differences of stoichiometry were found to be independent of laser power.
Addition of glycerol can emulate PIFE due to increase in bulk viscosity, which drives an increase in the mean fluorescence quantum yield of the Cy3 donor ( Fig. 3A/S1F ). As expected for such an increase, the donor-based photon streams DD and DA increase (data not shown), which hence increases S(EPR) upon addition of glycerol to the imaging buffer ( Fig. 3A , Cy3 + glycerol). We find a linear increase suggesting that the PIFE-effect might indeed serve as a molecular ruler ( Fig. 3B) . A similar effect, as for increasing viscosity through the addition of glycerol, is observed upon steric hindrance caused by non-specific binding of T7 polymerase gp5/trx [88] [89] [90] to dsDNA in close proximity to the Cy3 donor ( Figure S3A ). In Figure 3A To determine the maximally achievable PIFE-effect for Cy3, we investigated the dsDNA labelled with Cy3B/ATTO647N and compared the S-value to Cy3/ATTO647N ( Fig. 3A) . The ~4.1-fold increase in brightness between Cy3 and Cy3B poses a practical upper limit as seen through the reported, maximal PIFE-effect of ~2.7-fold brightness increase for binding of the restriction enzyme BamHI on dsDNA. [15] [16] [17] [18] [19] A comparison of S(EPR) values between both samples hence emulates the maximal PIFE effect for ALEX experiments. In the absence of FRET, we find a range of S(EPR) from 0.29 (Cy3) to 0.59 for Cy3B ( Fig. 3A) .
Spatial sensitivity of the PIFE ruler in ALEX.
Next, we investigated the spatial sensitivity of the PIFE ruler (distance R1) in ALEX experiments. By using a similar experimental scheme as introduced by Hwang et al. 16 , we designed different dsDNAs with a sequence to accommodate specific binding of the restriction enzyme BamHI (Fig.   S5 ) at different R1 distances from the donor Cy3(B) (Fig. 4A ). The donor-acceptor R2 distance was kept constant at 40 bp separation resulting in zero peak FRET efficiency (not to be mistaken with a donor-only species), while the binding site for the restriction enzyme was varied from 1,2,3,5 and up to 7 bp relative to the donor binding position The distance dependence of the PIFE-ruler reported here is approximately linear with similar dependency as reported 16 , i.e., 1-7 bp (Fig. 4D ). We stress out, however, that it is not yet clear whether there is a general (linear) PIFE distance dependence, but published literature suggests that each system has to be evaluated independently. As (Fig. 4 ) with a different restriction enzyme (EcoRV, Fig. 4D/S8 ), we found a steeper distance dependence with an even more pronounced PIFE-effect. These results reveal the universal nature of the PIFE-ruler, but also that its specific quantitative properties require careful characterization for each biomolecular system -not only when used in PIFE-FRET but any other bulk or single-molecule assay.
Calibration of the two rulers: R0-correction for Cy3-PIFE in the presence of FRET.
In the preceding section we have shown that the PIFE-ruler has a clear signature in ALEX experiments that renders it a useful tool for mechanistic biomolecular studies This data suggests that the dynamic range of the PIFE-FRET assay regarding distance R1 (the range between S for Cy3 and for Cy3B, for a given E value) is optimal at low FRET efficiencies 52 . Accurate FRET values 49 are required to obtain distances on the FRET axis, i.e., distance R2. A comparison of identical dsDNA having either Cy3 or Cy3B as a donor with 13 and 23 bp R2 separations from the acceptor reveal significant differences in their peak accurate FRET E values (Fig. 5B ). These differences of fluorophore pairs with identical interprobe distance reflect the shorter R0 of Cy3-ATTO647N (R0 = 5.1 nm 95 ) as compared to Cy3B-ATTO647N (R0 = 6.2 nm 96 ). To allow a direct comparison of FRET efficiencies with and without PIFE, we suggest the following data analysis procedure ( Fig. S2B ).
Step 1: raw data on the level of apparent FRET are corrected for background and spectral crosstalk 49 ; this allows to retrieve information on PIFE and possibly on R1 if suitable calibration of the PIFE-ruler is available (Fig. S2B ).
Step 2: By subsequent gamma correction, i.e., taking detection and quantum yield differences of donor and acceptor into account 49 accurate FRET values are obtained. Please note that Cy3 and Cy3-PIFE needs to be treated with a distinct gamma factor. Step 3: Finally, a correction for the differing R0-values is needed that transforms the relevant FRET populations (Cy3, Cy3-PIFE, Cy3B) on the basis of the same R0. For this we use Cy3B as a standard since the quantum yield of the latter is fixed and more or less independent of either the FRET efficiency or of the environment. for a complete schematic overview of the data analysis).
We tested this procedure by "aligning" the data sets of Cy3-and Cy3B-labelled DNA in combination with FRET acceptor ATTO647N. Using Eq. 2 we normalized the Cy3data set to that of Cy3B by R0-correction. As seen in Figure 5C for 13 and 23 bp and all other R2 distances (Fig. 5D, right panel) , ERO values of both fluorophore pairs are in excellent agreement validating our data analysis procedure. We note that equation 2 and the information given in Supplementary Note 1 provide a general possibility to account for changes in donor QY even by other photophysical processes such as quenching 95 (black-hole quencher etc.).
For use of PIFE-FRET in complex biochemical systems, i.e., where correction factors for individual populations may not be accessible, we suggest the use of a simplified data correction procedure. Here, the raw data on the level of apparent FRET are corrected for background and spectral crosstalk 49 . By subsequent gamma correction with the gamma value of Cy3B, we obtain accurate FRET values that are all normalized to the Cy3B-R0-axis. This scheme is described in detail in Supplementary Note 2 (eqn.
6-11) and does not require determination of correction factors for individual populations.
A comparison of Cy3-and Cy3B-labelled DNA with both analysis methods (see R0correction above) reveals that this method is a valid approximation ( Figure S9 ), but the full correction procedure detailed in Figure 5 remains more accurate.
PIFE-FRET monitors nucleic acid protein interactions and associated
conformational changes. The data in Figure 5 can In these experiments we use the full R0-correction and a final normalization to Cy3Bgamma ( Figure 6 ); the provided values of all measurements in Figure 6 can be compared directly. For BamHI we expected no changes in the dsDNA conformation but a pronounced PIFE effect after binding (Fig. 6B) ; the experimentally observed PIFE effect is constant for all observed DNAs (Fig. 6C ) and is consistent with the ruler distance for R1 of 1 bp. PIFE effect is also only observed when using Cy3 as a donor fluorophore (Fig. 6C ). Full data sets including two-dimensional fitting are shown in Figure S10 in the Supplementary Information.
Interestingly, the FRET ruler (distance R2) shows a pronounced decrease of 0 R E values after binding of BamHI (Fig. 6B ). Our data allows concluding that this observation is not an artefact of PIFE-FRET nor it is an artefact of our data analysis procedure, but rather a real increase of the donor-acceptor distance, since we observe similar trends when using Cy3B (Figs. 6C/S10), TMR or Atto550 as a donor (data for the latter two not shown). To monitor the conformation of the DNA bubble in conjunction with its interaction with RNAP, we designed two PIFE-FRET assays with labelling of acceptor ATTO647N at -15 in the template (t) strand and the donor Cy3(B) at position +1/+3 at the nontemplate (nt) strand ( Figure 7A ). The ALEX data was analysed according to the simplified correction model outlined in Supplementary Note 2. RNAP in RPITC7. 99 One outcome is the decrease in bubble size and scrunching as confirmed by magnetic tweezer experiments. 99 Following the FRET results, a reduction in the bubble size can be inferred from the results using the nt register +1. 99 Figure   7 re-affirm the existence of a scrunched DNA state 68 , in which register +1 of the nontemplate strand is extruded out of the surface of RNAP in initially transcribing complex, while the size of the scrunching-enlarged transcription bubble decreases. This was found by use of PIFE-FRET without the use of chemical cross-linking agents. We therefore name these types of experiments by the name 'reagent-free optical footprinting' and envision the technique will allow the characterization of (dynamic) conformational states, such as RPITC≤i states, that may be biased by the cross-linking procedure and are hard to capture using X-Ray crystallography.
As shown in Figure S3 , the PIFE technique and also PIFE-FRET is not exclusive for cyanine fluorophores and Cy3 but other fluorescence quenching 95 (or enhancing) mechanisms can be used. An alternative mechanism is photo-induced electron transfer (PET) whereby tryptophan or guanosine may be used as specific fluorescence quenchers [110] [111] [112] . A FRET-PET hybrid technique has been recently introduced 113 and might, in principle, be coupled with PIFE. Nevertheless, this technique requires usage of specific fluorophores susceptible for PET by Trp, and also a Trp carrying protein with a well-characterized positioning for the PET to occur. With PIFE-sensitive fluorophores, the restriction of its steric freedom by a nearby bound protein alone is enough to induce the PIFE-effect. In addition, the dependence of a PET effect with respect to the dye-quencher distance is at very short molecular separations and often even binary (ON/OFF). In this extreme case PET would only report on molecular contact but not act as a ruler. PIFE, however, can report (under some conditions) continuously on distances up to 3 bp separation between dye and the surface of a bound protein, hence of more general applicability for probing complex biochemical processes.
In general all possible specific interactions of both dyes with the protein (hydrophobic effects, PET via Trp/Tyr-residues, singlet quenching etc.) have to be considered since these alter the observed "apparent" PIFE effect. The effect of steric hindrance serves as a lower boundary to the PIFE effect 52 and Cy3 at some bases (3 and 5 bp from interaction with BamHI) can have a larger PIFE effects than expected just from steric hindrance, which can only be explained by additional specific interactions.
Thus, for a completely unknown biochemical system or conformation, it would be hard to fully deconvolve the PIFE-distance from FRET by only relying on ratiometric measure of donor and acceptor intensities using µsALEX. Ultimately, we think that an optimized To finally relate the distance dependencies of the PIFE-ruler present here to published smPIFE work, the fold increase in Cy3 fluorescence QY due to the PIFE effect is needed, which is only indirectly available in ALEX. In a forthcoming paper 52 , we provide the needed photophysical framework for ALEX-based PIFE-FRET to demonstrate its ability to obtain fully quantitate experimental results from ALEX that are directly comparable with published smPIFE studies. The nature of the model described in ref. 52 might also allow to include other contributions that change either donor or acceptor properties by (static or dynamic) singlet quenching. Different sets of complementary DNA-oligonucleotides were used (Fig. S4 ). Set 1:
MATERIAL AND METHODS

DNA, Proteins and
The first scaffold uses two complementary 45-mers carrying the donors (Cy3, Cy3B, TMR or Alexa555) at the 5'-end of the top-strand (Fig. S4A ). The acceptor (ATTO647N or Cy5) was attached in 8, 13, 18, 23, 28 or 33 bp separations to the donor fluorophore.
The DNAs are referred to as e.g., 33bp-Cy3/ATTO647N for a sample with 33 bp separation between Cy3 on the top-strand and ATTO647N on the bottom-strand ( Fig.   S4A ). Non-specific binding of T7 DNA polymerase gp5/thioredoxin via PIFE was 
ALEX-Spectroscopy and data analysis. For single-molecule experiments custom-built
confocal microscopes for µs-ALEX described in 121, 122 were used as schematically shown in Figure S2 . Shortly, the alternation period was set to 50 µs, and the excitation intensity to 60 µW at 532 nm and 25 µW at 640 nm. A 60x objective with NA=1.35
(Olympus, UPLSAPO 60XO) was used. Laser excitation was focused to a diffraction limited spot 20 µm into the solution. Fluorescence emission was collected, filtered against background (using a 50-µm pinhole and bandpass filters) and detected with two avalanche photodiode detectors (τ-spad, Picoquant, Germany). After data acquisition, fluorescence photons arriving at the two detection channels (donor detection channel:
Dem; acceptor detection channel: Aem) were assigned to either donor-or acceptor-based excitation on their photon arrival time as described previously. 67, 85 From this, three photon streams were extracted from the data corresponding to donor-based donor emission F(DD), donor-based acceptor emission F(DA) and acceptor-based acceptor emission F(AA; Fig. S2A ).
During diffusion (Fig. S2B) , fluorophore stoichiometries S and apparent FRET efficiencies E* were calculated for each fluorescent burst above a certain threshold yielding a two-dimensional histogram. 67, 85 Uncorrected FRET efficiency E* monitors the proximity between the two fluorophores and is calculated according to: * = + (Eq. 3)
S is defined as the ratio between the overall green fluorescence intensity over the stotal green and red fluorescence intensity and describes the ratio of donor-to-acceptor fluorophores in the sample S:
Using published procedures to identify bursts corresponding to single molecules 123 where the population is described by an amplitude A, its mean values and standard deviations in FRET E* and Stoichiometry S. ( denotes the correlation matrix between E* and S. We express the probability % that a given burst in the 2D histogram belongs to population 2 by % , = ! , ∑ ! 4 , 5 46 (Eq. 6)
For every bin in the 2D histogram, the algorithm calculates the number of bursts 7 belonging to population 2 by 7 = 7 • % , , where 7 is the number of burst in one bin. E and S are taken to be the bin centre. The corresponding bursts are assigned to a particular population 2 and kept through out the data analysis process.
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